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Abstract
In present study, the magnetic structure and spin reorientation of mixed doped orthoferrite Nd0.5Dy0.5FeO3 have been
investigated. Similar to both parent compounds (NdFeO3 and DyFeO3), the magnetic structure of Fe
3+ belongs to Γ4 irreducible
representation (Gx, Fz) at room temperature. The experimental measurements confirmed the spin reorientation where magnetic
structure of Fe3+ changes from Γ4 to Γ2(Fx, Gz) between 75 and 20 K while maintaining G-type configuration. Such a gradual
spin reorientation is unusual since the large single ion anisotropy of Dy3+ ions causes an abrupt Γ4→ Γ1(Gy) spin reorientation
in DyFeO3. Between 20 and 10 K, the Fe
3+ magnetic structure is represented by Γ2 (Fx, Gz). Unexpectedly, magnetic structure
of Fe3+ with Γ4 representation re-emerges below 10 K which also coincides with the development of rare-earth (Nd
3+/Dy3+)
magnetic ordering having Cy configuration with magnetic moment of 1.8 µB . The absence of any signature of second order
phase transition in the specific heat confirms the role of R(Nd3+/Dy3+)-Fe3+ exchange interaction in the observed ”rare-earth
ordering” unlike DyFeO3 where Dy
3+ ordering takes place independently to the magnetic ordering of Fe3+ magnetic structure.
Our (DFT+U+SO) calculations show that the C-type arrangement of rare-earth ions (Nd3+/Dy3+) with Γ2 configuration
for Fe3+ moments is the ground state whereas Γ4 phase is energetically very close. Nd-Fe and Nd-Dy exchange interactions,
estimated from DFT, are observed to have significant roles in the rare earth ordering and Fe spin reorientation corroborating
our experimental results.
PACS numbers: 75.25.-j, 75.47.Lx, 75.30.Gw, 71.20.-b
I. INTRODUCTION
Rare-earth orthoferrites RFeO3 (R = La, Nd, Dy,· · · )
have been extensively studied for their potential mul-
tiferroicity, magnetoelectric effects and other functional
properties like ultrafast optical control of spins[1, 2]. The
orthoferrites belong to the family of perovskites and crys-
tallize into the structure having the orthorhombic space
group Pbnm symmetry similar to manganites, cuprates,
nickelates and cobaltates[3]. However, unlike the highly
distorted MnO6 octahedra of manganites, the FeO6 octa-
hedra show least distortion with nearly equal Fe-O bond
lengths at room temperature[4]. Due to strong isotropic
exchange interactions between the Fe3+ spins, the or-
thoferrites have a relatively high Ne´el temperature of
TN1 ∼ 700 K, below which the Fe3+ spins order in G-
type antiferromagnetic configuration expressed with Γ4
(Gx, Fz) irreducible representation [4]. Here, Gx rep-
resents G-type antiferromagnetic ordering with moment
direction aligned primarily along crystallographic a di-
rection and Fz corresponds to the weak ferromagnetic
component arising from the canting of the Fe3+ spins
due to Dzyloshinski-Moriya interactions. Due to the
isotropic and anisotropic exchange interactions between
∗ These three authors contributed equally
† tulimfph@iitr.ac.in
‡ vivekfph@iitr.ac.in
R3+ and Fe3+, the easy axis of Fe3+ spins undergo spin-
reorientation from the a axis to either b or c axis of the
crystal. This can be either a gradual rotation as a func-
tion of temperature as in NdFeO3[5] or an abrupt one
near 50 K as in DyFeO3[6].
The orthoferrite NdFeO3 is a canted G-type antiferro-
magnet with Ne´el temperature (TN1) of 690 K[4]. Below
TN1, the magnetic structure of Fe
3+ sublattice is repre-
sented by Γ4 (Gx, Fz) [5]. As the temperature decreases
below 200 K, the Fe3+ spins continuously rotate in the ac
plane between 200 K and 105 K resulting in Γ2(Fx, Gz)
magnetic structure below 105 K. Below 20 K, additional
magnetic Bragg peaks in neutron diffraction indicate de-
velopment of CRy ordering of the Nd
3+ moments which
belongs to the Γ2 representation. The ordering of Nd
3+
and Fe3+ moments are compatible with each other from
group theory. Due to the centro-symmetric nature of the
magnetic space group D2h(m
′m′m), the magnetoelectric
tensor is expected to be zero. At TN2=1.05 K ,the Nd
3+-
Nd3+ interaction gives rise to a second magnetic ordering
of Nd3+ moments which is an independent long range or-
der of G-type in nature[7].
Another orthoferrite which has drawn considerable at-
tention for its intriguing properties is DyFeO3. Though
DyFeO3 and NdFeO3 are isostructural, the degree of
structural distortion in DyFeO3 is much larger. Like
other orthoferrites, the Fe3+ magnetic moments of
DyFeO3 order with Γ4 (Gx, Fz) representation below
TN1(∼650 K)[8]. Near 50 K, an abrupt spin reorientation
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occurs which results in change of magnetic structure from
Γ4 representation to Γ1( Gy,) which does not have any
ferromagnetic component. This is also known as Morin
transition. The magnetic structure of Fe3+ with Γ1 (
Gy,) representation persists till the lowest temperatures
at zero field. The peculiarity of this magnetic structure is
the absence of a net magnetic moment in any direction.
Due to large single ion anisotropy, the Dy3+ spins are
confined to the ab plane. Below TN2 ∼ 4 K, the Dy3+
moments arrange in the Γ5(G
R
x ,A
R
y ) configuration mak-
ing an angle of 33◦ with the b axis. The studies on similar
compounds viz. DyAlO3 and DyCrO3, have also revealed
the role of strong Dy3+ single ion anisotropy. The Γ5
structure is not symmetry compatible with Γ1. Recent
reports have shown that below TN2, the Fe
3+ spins ori-
ents into a different magnetic structure [9]. The overall
reduction in symmetry due to the Dy3+ ordering results
in linear magneto-electric effect. A large ferroelectric po-
larization is observed due to the weak ferromagnetic or-
dering induced by magnetic field along the c axis of the
crystal.
In view of the differences in nature of Fe and R-ordering
in NdFeO3 and DyFeO3, it would be extremely interest-
ing to look at the intermediate system Nd0.5Dy0.5FeO3.
In this situation, one would expect a very complex in-
terplay of spin, lattice, and orbital degrees of freedom
between the Nd/Dy and Fe sublattices and hence a new
set of magnetic structures. Substitution of Dy ions at
the Nd site apparently tunes the super-exchange inter-
actions, influences the magnetic symmetry and spin re-
orientation through the interaction of Nd3+ and Dy3+
among themselves and also with Fe3+. Particularly it
would be interesting to probe the rare-earth ordering
along with the possibility of a magneto-electric effect in
the system along. In the present work, we have experi-
mentally studied the bulk magnetization, heat capacity,
dielectric effect under magnetic field. Neutron diffrac-
tion measurements along with density functional theory
calculations iare used to establish the complex magnetic
structure of NDFO as well as to understand the under-
lying mechanism of spin reorientation and the nature of
rare-earth ordering in this compound.
II. METHODS
A. Experimental
Powder sample of NDFO was synthesized using solid
state reaction method. Nd2O3, Dy2O3, MnO2, and
Fe2O3 were weighed according to appropriate stoichiom-
etry and grounded in an agate mortar for 12 hours. The
sample was sintered at 1200◦, 1300◦ and 1400◦ for 24
hours with intermediate grindings. Structural phase of
the sample was identified using a Bruker D8 two cir-
cle x-ray diffractometer at Cu Kα wavelength. Bulk
magnetization measurements were performed using Su-
perconducting Quantum User interface device (SQUID)
magnetometer of Quantum Design magnetic measure-
ment system-XL (MPMS-XL). Temperature dependent
zero field cooled (ZFC) and field cooled (FC) measure-
ments were carried out to identify the different magnetic
transitions and their respective temperatures. Field vari-
ation of magnetization was carried out at various temper-
atures between 300 and 5 K. Heat capacity measurements
were carried out using QD-PPMS for 2-200K, and the
measurements for 0.4-20K with 3He refrigerator. Neu-
tron diffraction studies in zero magnetic field were car-
ried out at various temperatures in the range of 1.5-300 K
to identify the crystal as well as magnetic structure and
their variations as a function of temperature. The stud-
ies were carried out at powder diffractometers G-41-I
(λ = 2.4206 A˚), at LLB, Saclay in France. The diffrac-
tion data were analyzed using FullProf [10] suite of pro-
grams using the Rietveld method [11]. Magnetic struc-
ture was determined using the irreducible representations
from BasIreps [12] and refined using FullProf.
B. Theoretical
Electronic structure of NDFO was obtained using the
projector-augmented wave (PAW) psuedopotential and a
plane wave basis method within the density functional
theory framework as implemented in the Vienna Ab-
initio simulation program (VASP)[13]. Calculations are
performed within Perdew-Burke-Ernzerhof generalized
gradient approximation (PBE-GGA)[14] and GGA+U
approximation [15]. The structure was relaxed keeping
the Nd/Dy 4f states as frozen in the core. Ionic positions
were relaxed until the forces on the ions are less than 0.1
meV A˚
−1
.For the subsequent self-consistent calculations,
the Nd/Dy 4f states were treated as valence states. The
(Fe) 3d, 4s, O 2s, 2p and Nd 5p, 5d, 6s states were treated
as valence states. An energy cut-off of 450 eV was used
for the plane wave basis set while a 6×6×6 Monkhorst-
Pack k-mesh centered at Γ was used for performing the
Brillouin zone integrations.
III. EXPERIMENTAL RESULTS
A. Structural Characterization
Fig. 1 shows the room temperature (RT) powder x-ray
diffraction pattern of the NDFO along with refined pat-
tern. The refinement confirmed that compound crystal-
lizes in the structure of orthorhombic Pbnm space group.
The refined structural parameters obtained from x-ray
diffraction are listed in the Table I. The obtained a and c
parameters of NDFO lie intermediate to that of DyFeO3
and NdFeO3 whereas the value of b is close to the b value
of DyFeO3[16]. The obtained structural parameters from
neutron and x-ray diffraction are comparable at room
temperature.
Further, the neutron diffraction patterns were collected
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FIG. 1. (color online) Observed and simulated x-ray diffrac-
tion pattern of NDFO at 300 K, refined using Pbnm space
group.
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FIG. 2. (color online) Temperature variation of lattice pa-
rameters and unit cell volume of NDFO.
systematically at regular intervals between 1.5 K to 300
K. In Table I, the lattice constants along with Fe-O(M =
Fe) bond lengths of NDFO, obtained from the refinement
of neutron diffraction data, are shown for 300, and 1.5 K
along with the corresponding values obtained from room
temperature x-ray diffraction data.
Fig. 2 shows the temperature variation of lattice pa-
rameters and unit cell volume of NDFO. We observe that
all the three parameters show a continuous decrease till
50 K. From 50 K, till 30 K b shows an increase below
which it remains constant. The trend in the lattice pa-
rameters are similar to that observed in NdFeO3[4].
Three different Fe-O bond lengths have been listed in Ta-
ble I which correspond to the apical and in-plane bond
lengths. Unlike the RMnO3 manganites having highly
unequal bond lengths, the orthoferrites have nearly equal
Fe-O bond lengths. From Table I, we can infer that there
occurs a contraction in out-of-plane bond length, while
the in-plane bond lengths remain nearly constant with
temperature. The changes in the lattice parameters close
TABLE I. Structural parameters of Nd0.5Dy0.5FeO3 obtained
using Retvield refinement from x-ray diffraction at room tem-
perature (RT) and neutron diffraction at 300 K and 1.5 K.
Parameters 300 K 1.5 K RT
(Neutron) (Neutron) (X-ray)
a(A˚) 5.3720(5) 5.3643(2) 5.377 (2)
b(A˚) 5.5884(6) 5.5860(3) 5.597(2)
c(A˚) 7.6847(9) 7.6686(4) 7.694(4)
Fe-O(1)(m)A˚ 2.0208(8) 1.9661(9) 2.002 (1)
Fe-O(2)(l)A˚ 2.0404(19) 2.0176(23) 2.012 (3)
Fe-O(2)(s)A˚ 2.0271(20) 2.0373(22) 2.026 (3)
to 50 K coincides clearly with the spin -reorientation
transition in NDFO observed from magnetization and
neutron diffraction measurements. This also indicates
a strong possibility of magneto-elastic coupling close to
the spin reorientation transition.
B. Magnetic properties
1. DC magnetization
As shown in Fig. 3, zero field cooled (ZFC) and
field cooled (FC) magnetization measurements were per-
formed from 2 K to 300 K in presence of 100, 200, 500,
1000, and 5000 Oe external magnetic field values. Both
parent compounds undergo transition from paramagnetic
state to G-type antiferromagnetic state with magnetic
structure represented by Γ4(Gx, Fz) near 700 K[4]. Thus
at 300 K, we expect that NDFO is already in the an-
tiferomagneticaly ordered state with G-type structure
and small ferromagnetic component (Gx, Fz) similar to
DyFeO3 and NdFeO3. As shown in Fig. 3a, a magnetic
transition is observed in the ZFC-FC magnetization data
below ≈ 75 K. In pure DyFeO3, an abrupt spin reorien-
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FIG. 3. (color online) ZFC-FC plots of NDFO at (a) 100 Oe
and (b) 1000 and 5000 Oe.
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FIG. 4. M-H plots of NDMO at 200 K, 75 K, 45 K, 30 K, and
2 K.
tation is observed at 50 K which corresponds to Γ4→Γ1
transition. The Γ1 representation, which corresponds to
antiferromagnetic Gy magnetic structure in Bertaut no-
tation, does not contains any net effective ferromagnetic
moment. Although our low field (100 Oe and 200 Oe)
ZFC measurements show a drop in magnetization below
60 K, an increase in 100 and 200 Oe FC magnetization
is observed contrary to the expected behavior from Γ1
(Gy) magnetic structure which belongs to low temper-
ature phase of DyFeO3 after abrupt spin reorientation.
Such kind of peak in ZFC measurements can also be ob-
served from a spin glass systems, but ac susceptibility
measurements(not shown) on NDFO rule out the possi-
bility of a spin glass phase. As shown in Fig. 3b, the
ZFC-FC measurements were also carried out at higher
magnetic fields of 1000 and 5000 Oe. With increasing
field, we see a gradual suppression of the downturn near
50 K, while at a field of 5000,Oe, the ZFC as well as FC
magnetization show a continuous increase with field. As
shown in inset of Fig. 3a, the magnetization also increases
below 30 K during 100 and 200 Oe ZFC measurements.
Fig. 4 shown show qualitative as well as quantitative
variation of the M -H isotherms measured at different
temperatures. At 200 K, the magnetization isotherm
shows a slight non-linear behavior at high fields, along
with a ribbon-like hysteresis loop at low fields as shown
in the inset. The similar behaviour is observed quali-
tatively for magnetization isotherms measured between
300 and 75 K. Below 75 K, the M -H isotherm shows a
nearly linear trend with a narrower hysteresis loop. The
reduction in loop width coincides with the onset of mag-
netic transition in ZFC-FC measurements. Below 20 K
the magnetization in M -H measurements shows a non-
linear behaviour at high fields. At 2 K theM -H isotherm
shows a completely different trend qualitatively as well as
quantitatively. A large magnetization value of nearly 4
µB/f.u. is attained at 5 T magnetic field. This can be at-
tributed mainly to the large magnetic moment associated
with the Dy3+ ion (J=15/2). Magnetization studies on
single crystals of DyFeO3 reveal that the magnetic mo-
ment of Dy3+ lies in the a-b plane with an inclination
of 33◦ with respect to the b axis. Thus in spite of 50%
substitution by Nd atoms and polycrystalline nature of
our sample, the values of magnetic moments are higher
than the expected average value. The hysteresis loop pa-
rameters viz. coercivity and retentivity at 2 K suggest
a possible ordering of the rare-earth ions below 10 K.
ZFC-FC and M -H isotherms indicates the presence of a
gradual spin reorientation below 75 K. The FC measure-
ments also rule out the possibility of Gy (Γ1) magnetic
structure without any ferromagnetic component which is
usually observed as low temperature magnetic phase in
case of DyFeO3. The ZFC and M -H isotherms also in-
fer a possibility of rare-earth (Dy3+/Nd3+) ordering at
lower temperature (<10 K).
Magnetization measurements can provide a conclusive
evidence regarding the spin reorientation as well as rare-
earth ordering. Further, neutron diffraction measure-
ments were carried out to understand the low temper-
ature magnetic transitions in NDFO.
2. Neutron diffraction
In this section, a systematic evolution of the NDFO
magnetic structure based on neutron diffraction data is
discussed. Fig. 5 shows neutron diffraction patterns be-
tween 75 and 1.5 K. At 300 K, the (101) and (011) mag-
netic peaks associated by G-type magnetic ordering of
the Fe3+ spins are observed near 2θ= 32◦(not shown).
A ratio of 1/3 between the intensities of (101) and (011)
magnetic peaks confirms that the magnetic structure be-
longs to the Γ4 representation with a Gx ordering of the
Fe3+ spins at 300 K. The ratio between the peaks remain
nearly 1/3 down to 75 K which is shown in In Fig. 5.
Below 75 K we observe a systematic increase in the in-
tensity of (011) peak compared to the (101) peak which
indicates the change in the magnetic moment direction
without modification of G-type magnetic structure i.e.
spin reorientation. This change in the ratio of peak in-
tensities persists down to 20 K, wherein we find that the
intensities of both the peaks have become almost equal.
The presence of magnetic ordering represented by Γ2 ir-
reducible representation ((Fx, Gz) is evident by the equal
intensities of the (011) and (101) peaks. Below 10 K the
intensity of the (101) peak again increases over the (011)
peak which suggests a second reorientation/reoccurrence
of magnetic phase (Γ4). At the lowest temperatures, viz.
3.5 and 1.5 K we find two prominent peaks developing at
25 and 45o, which marks the ordering of the rare-earth
ions.
To obtain the detailed spin configurations of Fe3+ and
R3+(Nd3+/Dy3+) spins in the unit cell, the magnetic
structure has been solved from the powder neutron
diffraction pattern for all temperatures between 300 and
1.5 K. The Fe atom occupies the 4bWycoff position, while
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FIG. 5. Evolution of magnetic peak in neutron diffraction
data as a function of temperature.
the R atoms occupy the 4c sites. The magnetic order-
ing vector remains k=(0,0,0) in the entire temperature
range for both Fe and R atoms. Following the symmetry
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FIG. 6. (color online) Temperature variation of Magnetic
moment of Fe3+ and Nd3+/Dy3+ spins from 1.5 K to 300 K
for the various representations.
analysis by Bertaut etal., there exists eight irreducible
representations, Γ1 to Γ8. Four out of these eight repre-
sentations correspond to zero coefficients for the Fe site.
Thus we consider four irreducible representations Γ1 to
Γ4 which correspond to the Shubnikov magnetic space
groups, Γ1 (Pbnm), Γ2 (Pbn
′m′), Γ3 (Pb′nm′), and Γ4
(Pb′n′m). Using Bertraut’s notation[17], the four mag-
netic space-groups can be written in a simplified manner
as Gy, FxGz, CxFy, and GxFz respectively correspond-
ing to magnetic ordering of the cartesian components of
Fe3+ spins in the unit cell. Symbols G and C represents
type of antiferromagnetic ordering and F represents ferro-
magnetic component due to canting of antiferromagneti-
caly ordered Fe3+ spins. Subscripts to the symbol repre-
sent the directions of Fe3+ spins. In NDFO from 300 K
till 75 K the magnetic structure belongs to Γ4 represen-
tation, wherein the Fe spins are arranged in Gx type an-
tiferromagnetic structure. From our diffraction pattern,
we do not find any peak corresponding to the ferromag-
netic Fz component especially the (002) peak expected
near 40o.A possible reason for this is the small values of
canting angle leading to a FM moment of less than 0.1
µB which is not seen from our powder diffraction exper-
iments. However the spin arrangement is in agreement
with the orthoferrites.
From 60 K and below the magnetic structure is best
refined when we consider the mixture of Γ2 and Γ4 rep-
resentations, indicating the ongoing process of spin reori-
entation. The refinements down to 20 K clearly indicates
that a gradual Γ4→Γ2 type spin reorientation takes place
in NDFO which is the usual second order reorientation
observed in NdFeO3. This is in contrast with the ex-
pected Γ4→Γ1 type abrupt spin reorientation/transition
observed in DyFeO3. As indicated by the equal ratio
of (011) and (101) magnetic peaks at 20 K, our analysis
confirmed that the magnetic structure belongs entirely to
Γ2 representation. Inclusion of Γ4 leads to higher values
of χ2. At 10 K and below, high temperature magnetic
phase (Γ2) again starts to reappear and the magnetic
structure belongs to a mixture of Γ2+Γ4 representations.
The observed (100) magnetic peak at 25◦ pertaining rare-
earthR3+ ordering arises due to the Cy type arrangement
of R3+ (Dy3+/Nd3+) spins which belongs to the Γ2 rep-
resentation.
Thus in our system the C-type ordering of (Dy3+/Nd3+
spins is unusual since (GRx , A
R
y ) ordering is expected due
to strong single ion anisotropy of Dy3+ spins as seen in
Dy based orthoferrites and orthochromites. The temper-
ature variation of the magnetic moments for the Fe3+ and
R3+ spins for different representations is shown in Fig. 6.
From 300 K till 75 K we observe a small increase in the
magnetic moment associated with the Γ4 representation
of Fe3+ spins i.e. Gx configuration. Below 60 K with
the onset of spin reorientation, there is a systematic de-
crease in the magnetic moment along crystallographic a
direction (Mx), while correspondingly the magnetic mo-
ment along c direction (Mz) shows an increase. From
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FIG. 7. (color online) Magnetic structure of NDFO at (a) 300 K Γ4 (b) reorientation region at 45 K: Γ42 (c) at 20 K : Γ2 and
(d) 1.5 K second reorientation : Γ24 and ordering of Nd/Dy as Cy.
20 K onwards we find that again the Mz magnetic mo-
ment starts to decrease, while the Mx again starts to
increase. The values of total magnetic moment of Fe3+
is nearly 3.7 µB, which is lower than the theoretical value
5 µB, which can be due to effects of covalency and poly-
crystalline nature of our sample. On the other hand,
the magnetic moment of Nd3+/Dy3+ is nearly 1.8 µB
at 1.5 K which is much lower than the expected average
moment(6-7 µB) of the Nd
3+/Dy3+ sub-lattice. However
the value we get here is obtained close to the ordering
temperature and twice the value of 0.9 µB, obtained in
the single crystals of NdFeO3. This indicates the greater
effect of the polarization of the rare-earth sub-lattice due
to Fe3+ spins, which also causes the alignment of highly
anisotropic Dy3+. The schematic representation of Fe3+
and rare-earth (Nd3+/Dy3+) magnetic structure along
with temperature dependent successive spin reorientation
is depicted in the Fig. 7.
C. Specific Heat
The heat capacity Cp values of NDFO for 0 and 5 T
are shown in Fig. 8 for the temperature range from 0.4
to 20 K. The inset of Fig. 8 shows the specific heat val-
ues for 0, T in the temperature range from 2 to 200 K.
The heat capacity data could not identify any distinct
signature associated with the individual spin reorienta-
tions within the limit of measurement resolution. Below
10 K, a broad peak in specific heat is observed at 2.2 K
which can be interpreted as the Schottky peak originat-
ing from crystal-field splitting of 4f electronic states in
Nd3+ and Dy3+ ions. The λ-shaped anomaly associated
with second order phase transition is absent in NDFO.
This λ-shaped anomaly is seen prominently in DyFeO3
at 4.2 K. On the other hand, NdFeO3 shows a broad
Schottky peak along with a less noticeable λ anomaly
superposed on the Schottly peak at 1.05 K[18]. Thus a
distinct discontinuity in Cp (second order transition) due
to independent ordering of the rare-earth is completely
absent in NDFO as per our measurement. This is in
agreement with our neutron diffraction results. In 5 T,
there appears a considerable supression of the Schottky
peak. The zero field pecific heat was fitted in the temper-
ature range 0.4-20 K to sum of multiple Schottky terms
and the T 3 term associated with the lattice specific heat.
Cp =
1
2
R
n∑
i=1
wi(
∆i
kBT
)2
exp
[
− ∆ikBT
]
(1 + exp[− ∆ikBT ])2
+B3T
3 (1)
In the above equation, ∆i corresponds to the splitting
of the ith crystal field level. In the temperature range
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FIG. 8. The specific heat of NDFO measured in presence
of 0 T and 5 T magnetic field plotted along with the fitting
results. The inset contains specfic heat in full temperature
range.
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considered, satisfactory fitting result is obtained by sum-
mation of three (n=3) Schottky terms. The crystal
field splittings ∆i(i = 1-3) are 1.5, 4.5 and 9 K at 0
T. The value of ∆1(0.12 meV) obtained in our case is
smaller than the values reported for NdFeO3(∆1 ∼ 5
K(0.43 meV)). Similarly in the case of Dy3+ systems like
DyMnO3 and Dy0.5(Sr/Y)0.5MnO3, the reported values
of first energy splitting are also in the range between 5 to
8 K. In NDFO, presence of two Kramer’s ions can cause
additional complexity due to entirely different strengths
of Nd3+-Fe3+ and Dy3+-Fe3+ molecular fields which can
lift the degeneracy of the Kramer’s doublet. In addition,
there also exists the exchange fields between the rare-
earth ions which can affect values of ∆i in a more com-
plex manner. Thus the ordering of rare-earth in NDFO is
driven by the effects of molecular field due to Fe3+ spins,
rather than independent rare-earth ordering.
IV. DFT RESULTS
To understand the complex interplay between the
Nd3+/Dy3+ and Fe3+ magnetic moments, we evaluate
the ground state magnetic order using density functional
theory. Since the Nd and Dy atoms occupy the same crys-
tallographic site, their occupancies are random. However
for computational purposes, we have considered two pos-
sible arrangements of the Nd and Dy. In the (111) ar-
rangement, the Nd and Dy atoms are placed adjacent
to each other. Thus each Nd atom has six Dy atoms as
nearest neighbours and vice versa. Secondly, in the (001)
arrangement, Nd and Dy atoms are alternately stacked
along the c direction[19]. Fig. 9 depicts the two possible
arrangements. These two different arrangements gives
us scope to probe the nature of Nd-Nd, Dy-Dy and Nd-
Dy exchange interactions. For both arrangements, struc-
tural relaxation of the orthorhombic unit cell have been
performed using the experimental structural parameters
obtained at 1.5 K. The structure was relaxed consider-
ing G-type magnetic ordering of the Fe3+ magnetic mo-
ments. The 4f electrons of Nd and Dy are treated as
core electrons during relaxation.
FIG. 9. (color online) Superlattice of NDFO favouring two
possible arrangements of Nd and Dy ions considered in our
calculations: (a) alternate (b) layered.
TABLE II. Relative energies (in meV) for two main antiferro-
magnetic orders of R3+ ion within GGA+U (U=6.95 eV and
J=0.95 eV) for the two Nd/Dy arrangements.
Magnetic structure alternate layered
C-type 0 0
G-type +55 +30
Using first principles, the ground state magnetic struc-
ture was determined by comparing total energies of vari-
ous arrangements of Fe3+ and Nd3+/Dy3+ magnetic mo-
ments. As the magnetic ordering of Fe3+ sub-lattice oc-
curs at a much higher temperature compared to that of
the rare earth ions ordering, we have performed calcu-
lations of collinear A, C and G-type AFM along with
FM in the absence of magnetic ordering of the rare-earth
ions (we considered 4f electrons as core electrons for this
purpose). The lowest energy in this case is obtained for
G-type magnetic ordering which is also known to be the
ground state in all orthoferrites.
Now we proceed to probe the rare-earth ordering fix-
ing the Fe3+ ordering as G-type. In case of parent com-
pounds, it is found that for DyFeO3, the G-type order-
ing of Dy3+ moments emerges as lowest energy, while
in NdFeO3 the lowest energy corresponds to C-type or-
dering of Nd3+ moments. In NDFO, it is expected that
due to large single ion anisotropy of Dy3+, the G-type
is as likely to occur as compared to C-type. Thus we
have performed the self consistent calculations for a) the
observed C-type and b) expected G-type. It is found
that for both the structural arrangements of Nd and Dy,
C-type magnetic structure emerges as the lowest energy
which is consistent with our neutron diffraction results.
The relative energies are listed in table II.
For the ground state magnetic order so obtained (i.e.
rare earth ions order in C-type AFM and Fe ions order
in G-type), we performed the electronic self-consistent
calculations invoking the effects of Coulomb correlation
U for the Fe 3d states and Nd/Dy 4f states. The val-
ues of the Hubbard parameters (Coulomb correlation and
Hund’s exchange) used are, U = 7.0 eV, J = 1.0 eV for
Nd and Dy, while for Fe, U = 4.0 eV and J = 1.0 eV. The
self-consistent calculations are performed till an energy
difference of 0.1x10−5 eV between successive iterations is
achieved.
Irrespective of the cationic arrangements, we observe
that the electronic structure of Fe remains unaffected.
Figs. 10a and b shows the spin resolved partial density
of states of NDFO for (111) and (001) arrangements be-
low the Fermi energy. In both arrangements, the energy
difference between the highest occupied and lowest unoc-
cupied states(not shown in figure) correspond to a band
gap of ∼ 2 eV. The Fe 3d states are strongly hybridized
with the O 2p states and show same spectral character in
both the cationic arrangements. In the upper panel we
show the density of states of Nd and Dy 4f states. Below
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FIG. 10. Spin resolved density of states(DOS) of NDFO for the (a) alternate(111) (b) layered(001) arrangements of Nd and
Dy corresponding to the C type ordering of rare-earth and G type ordering of Fe moments. The upper panel contains the
Nd/Dy 4f DOS, while the lower panel containes the Fe 3d and O 2p DOS.The ↑ and ↓ correspond to spin up and down regions
respectively.
EF , the Nd/Dy 4f states show a broader peak, centered
at -2.5 eV. The 4f states show greater hybridization with
the O 2p states in this region. This region also con-
tains contribution from the Dy 5d states which mediate
the Dy-O-Nd hybridization. Near -6 eV, there occurs a
sharp peak corresponding to the Dy 4f states, which are
highly localized. The degree of localization of Dy is much
greater in the case of (001) arrangement as shown in Fig.
10b. Also, the Dy states occur at an energy lower by
0.5-1 eV as compared to the case of (111) arrangement.
Most difficult part to probe is the spin-reorientation
region across which Fe3+ moments change their direc-
tions. To understand the role of anisotropy and the
experimentally observed Γ4→Γ2 spin reorientation, non
collinear calculations with spin-orbit coupling within
GGA+U+SO approximation, are performed for struc-
tural parameters corresponding to 300 K and 1.5 K.
These calculations are performed only for the case of
(111) arrangement of the Nd/Dy atoms as this arrange-
ment is found to be lower in energy than the (001). As
R3+-Fe3+ interactions are nearly an order of magnitude
smaller than the Fe3+-Fe3+ exchange interactions, for 300
K the 4f electrons of Nd and Dy are considered as core
electrons and thus non-magnetic. In such a scenario, we
performed calculations with Fe moments pointing along
crystallographic a, b and c-axes in G-type antiferromag-
netic arrangement. It is found that the magnetic struc-
ture, with Fe moments pointing along crystallographic a
direction (i.e. Γ4(Gx)), is the preferred one in agreement
with neutron data. For T = 1.5 K, the 4f electrons of
Nd and Dy are considered as valence electrons with mag-
netic moment fixed according to Cy component of Γ2 rep-
resentation. The calculations are performed for the three
different directions of Fe magnetic moments correspond-
ing to c(Γ2), b(Γ1) and a(Γ4) directions. The trend in
relative energies from our non-collinear calculations are
shown in Fig. 11. The c(Γ2) direction of Fe
3+ has lowest
energy indicating it to be easy axis of Fe3+ spins, con-
sistent with experimental results and symmetry analysis.
On the other hand, the b direction which is easy axis of
Fe3+ spins in DyFeO3, has highest energy.
a b c
0
10
20
30
1(Gy)
2(Gz)
E(
en
er
gy
/u
ni
t c
el
l)
Direction of Fe3+ spins
4(Gx)
FIG. 11. Non-collinear calculations indicating relative ener-
gies (in meV) for Fe3+ spins along the three crystallographic
directions for the Cy arrangement of Nd
3+/Dy3+ ions.
In the orthoferrites, below the spin-reorientation tem-
perature, the R3+-R3+ exchange interactions compete
with the R3+-Fe3+ exchange interactions. In the Nd-
based isostructural compounds where the B-site atom is
non-magnetic, for instance, NdGaO3 and NdCoO3, the
Nd3+ moments order as G-type. The highly anisotropic
R3+-Fe exchange interactions clearly affect and even sup-
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TABLE III. Exchange interaction strength (J) between the
R3+ and Fe3+ in NDFO. ’+’ sign corresponds to AFM, while
‘-’ sign corresponds to FM interactions.
Exchange Constant Jab (meV) Jc (meV)
Nd-Nd -0.028 -0.40
Dy-Dy -0.31 -1.8
Nd-Dy 0.40 -0.31
Nd-Fe -0.62 -0.68
Dy-Fe 0.015 0.020
Fe-Fe 5.40 5.28
presses the R-R ordering. In NdFeO3, Nd
3+-Fe3+ ex-
change interactions causes polarization of the Nd3+ ions,
which thereby order as Cy, thereby shifting the TN2 to
nearly ∼1 K. On the other hand, in DyFeO3, the Dy3+
moments order independently as (GRx , A
R
y ), indicating
negligible polarization of Dy3+ due to Fe3+ moments.
Thus in NDFO, it would be interesting to obtain an
idea of the order of various exchange interactions since,
the Nd3+-Fe3+ isotropic and anisotropic exchange inter-
actions seem to play a much larger role as compared
with the large single ion anisotropy of Dy3+ ion and
the various Dy3+-Dy3+ interactions. From first princi-
ples, we have determined the strengths of the isotropic
Nd3+-Nd3+, Dy3+-Dy3+ and Nd3+-Dy3+ exchange inter-
actions. Additionally the strength of Nd3+/Dy3+-Fe3+
exchange interactions are also determined using the first
principles calculation. The Heisenberg exchange interac-
tion strengths were evaluated using the method used by
Spaldin et al.[20].
The calculations were performed on ”artificial unit
cells” in which except for the selected Fe or Nd/Dy
atoms, the rest of magnetic atoms were replaced by
non-magnetic atoms. Thus the Fe atom is replaced by
Al, while Nd and Dy are replaced by La in +3 state.
Al3+ and La3+ ions are non-magnetic. The interaction
strengths (J) are determined between the pair of atoms
that are a) in ab plane and b) out-of-plane along c direc-
tion and are listed in table III. The Fe3+-Fe3+ interaction
is predominantly anti-ferromagnetic corresponding to
the G-type magnetic ordering. The highly isotropic
nature is seen from the small difference between Jab and
Jac. Compared to Fe
3+-Fe3+, rest of the interactions are
nearly an order of magnitude smaller. The interaction
strength between Nd3+-Fe3+ has the highest value which
determines the magnetic ordering of the R below the
reorientation region. On the other hand, the Dy3+-Fe3+
exchange interaction is the weakest. This is in agreement
with previous experimental studies which show that
the Dy3+-Fe3+ exchange field in DyFeO3 is ∼ 2 T [21],
while in NdFeO3, the Nd
3+-Fe3+ exchange field is nearly
6.6 T [7]. The Nd3+-Nd3+ and Dy3+-Dy3+ exchange
interactions are highly anisotropic. The magnitude of
the later is considerably higher along the c direction.
Interestingly, the Nd3+-Dy3+ interaction which has
opposite signs for in-plane and out of plane interactions
is comparable to the Nd3+-Fe3+ and Dy3+-Dy3+ interac-
tions. However in the real material 50% substitution by
Nd can drastically suppress the Dy3+-Dy3+ interactions.
It is to be mentioned that the bare exchange interactions
are over-estimated when calculated from first principles
in the case of rare-earths as compared to experimentally
obtained values[22]. Due to two dissimilar ions, a local
variation in this exchange field exists which affects the
ground state in NDFO.
V. DISCUSSION
In RFeO3 (except for R = Dy), the symmetry of rare-
earth just above (TN2) is represented by Γ2(F
R
x ,C
R
y ) due
to R-Fe polarization effects. In DyFeO3, the large sin-
gle ion anisotropy of the Dy3+ ion in the a−b plane,
results in the Γ5(G
R
x ,A
R
y ) magnetic ordering. Magnetic
ordering represented by Γ5(G
R
x ,A
R
y ) is also observed in
DyBO3(B=Al,Sc) where B
3+ is a non magnetic ion. The
Γ5 representation belongs to the magnetic point group
m′m′m′ which shows electric polarization on applica-
tion of magnetic field, due to non-zero diagonal ele-
ments of the magnetoelectric tensor[23, 24]. Below 4.2
K, the combined magnetic ordering belongs to the Γ15
(Ax,Gy,Gz;G
R
x ,A
R
y ) representation with magnetic point
group (D2)222, which possesses a non-zero magnetoelec-
tric tensor. A spontaneous ferroelectric polarization de-
velops in DyFeO3 when a magnetic field is applied along
the c axis. This is a result of Γ1 → Γ4 spin reorien-
tation/transition of Fe3+ spins and the weak ferromag-
netism in Γ4 phase results into spontaneous ferroelectric
polarization.
In NDFO, though clear signature of polarization of rare-
earth magnetic moments is obtained at 3.5 K from neu-
tron diffraction, the independent G-type ordering of the
Nd3+/Dy3+ moments is not observed even till 0.3 K as
confirmed by our specific heat results. At 1.5 K, while the
R moments order in Γ2(F
R
x ,C
R
y ) structure the Fe
3+ spins
which show a coexistence of Γ2 and Γ4 structures. The Cy
ordering of R is not symmetry compatible with Γ4. How-
ever we do not find any signature of possible development
of a ferromagnetic peak FRz which is expected from sym-
metry of Γ4 representation. The magnetic point groups
in NDFO corresponding to Γ2 and Γ4 are (C2h)m
′m′m
and (Ci) 2m
′ respectively. Both the point groups are
non-polar and also do not possess any linear magnetoelec-
tric coupling terms due to inversion symmetry[23]. The
absence of magnetoelectric effect in NDFO is also sup-
ported by absence of a magneto-dielectric effect (data not
shown) . We can conclude that though NDFO behaves
similar to NdFeO3 and other orthoferrites, the greater
polarization of the Dy3+ moments is unusual which can
be attributed predominantly to the enhanced Nd3+-Dy3+
interactions. The re-emergence of Γ4 below 10 K can-
not be understood from our first principles calculations
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alone. The possible origins of the second spin reorienta-
tion can be understood by qualitatively by comparison
with the magnetic behaviour of DyFeO3. In DyFeO3,
application of external magnetic field along the a axis re-
sults induces a Γ1→Γ2 ordering of Fe3+ moments, while
simultaneously rotation of the Dy3+ moments from Γ5 to
Γ3 structures occur[25]. For field along b and c directions
results in Γ1→Γ4 spin screw and spin flop transitions re-
spectively of the Fe3+ while the Dy3+ moments are unaf-
fected. Thus in a similar manner, the effective molecular
field acting on R3+ and Fe3+ moments may be present
in NDFO due to large difference in magnetic moments of
Nd3+ and Dy3+ moments and presence of the ferromag-
netic field can cause the successive reorientation of the
Fe3+ spins from Γ2→Γ4. This has also been confirmed
from our first principles calculations which show that the
interaction between the Nd3+ and Dy3+ moments along
the c axis is ferromagnetic in nature and further, Γ2 and
Γ4 phases are energetically very close to each other. Thus
even small effective fields can result in the re-emergence
of the Γ4 magnetic structure of the Fe
3+ magnetic mo-
ments.
VI. SUMMARY AND CONCLUSIONS
To summarize, NDFO polycrystalline samples were
studied in detail to understand its complex magnetic
and electronic properties. The sample crystallizes in the
space group Pbnm with both Nd and Dy, occupying the
same crystallographic position and thus being randomly
distributed in the crystal. Though magnetic properties of
NDFO is similar to that of NdFeO3, there are many inter-
esting and significant differences between the two. Below
TN (∼ 700 K), magnetic structure belongs to Γ4(Gx, Fz)
representation, with the a axis being the easy axis of the
Fe3+ magnetic moments. The large single anisotropy of
Dy3+ which induces an abrupt Γ4→Γ1 spin reorienta-
tion in DyFeO3 is suppressed with 50% Nd substitution.
Instead, we see a gradual Γ4→Γ2 reorientation of the
Fe3+ spins which begins close to 75 K and results in mag-
netic structure represented by Γ2 (Fx, Gz) at 20 K with
the c axis as the easy axis. Interestingly, the magnetic
structure given by Γ4 re-emerges again below 10 K. This
also coincides with the development of (010) -magnetic
Bragg peak which corresponds to the Cy-arrangement
of the Nd3+/Dy3+ magnetic moments. This is unlike the
(Gx,Ay) magnetic ordering associated usually with Dy
3+
moments. The symmetry of the rare-earth ordering also
does not support any magnetoelectric coupling, which is
also confirmed from field dependent dielectric measure-
ments.
At 1.5 K the rare-earth ordering results in magnetic mo-
ment of 1.8µB which is lower than the expected aver-
age magnetic moment of ∼5µB from Nd3+/Dy3+ mag-
netic sublattice, but the observed value (1.8µB) is much
higher than the experimentally observed moments from
Nd-ordering in NdFeO3. The complete absence of a λ-
anomaly in heat capacity clearly indicates that the or-
dering of Nd3+/Dy3+ moments is induced by effective
molecular fields arising due to Fe3+ spins. The pro-
cess of reorientation and rare-earth ordering is explained
by our first principles density functional theory calcula-
tions considering both collinear and non collinear spin
arrangements within GGA+U+SO approximation. The
rare-earth ordering clearly shows a preference of C-type
over G-type ordering. The non-collinear spin calculations
show that the Fe3+ spins prefer to align as Gz which is
symmetry-compatible with the Cy arrangement of the
Nd/Dy moments. The various ”bare-exchange” interac-
tions obtained for simplified unit cells, show that while
the Dy3+-Fe3+ interaction is weakest, the Nd3+-Fe3+ and
Nd3+-Dy3+ interaction compete with the Dy3+-Dy3+ in-
teractions which leads to the strong polarization of the
rare-earth sublattice. It can be concluded that due to the
highly unequal magnetic moments of the rare-earth ions,
a net magnetic magnetic field acts on the R as well as
the Fe3+ moments. The net field can lead to a successive
Γ2→Γ4 spin reorientation of the Fe3+ spins.
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